A bioreactor is designed and fabricated for the coculture of endothelial and hepatic parenchymal cells. The device provides a structured environment mimicking the in vivo characteristics of a single capillary and the adjacent tissue. The bioreactor consists of two cell-scale fluid channels separated by B bio-compatible thin porous membrane made of selfassembling oligopeptide gel. Analytic and computational modeling techniques were used to investigate the fluid flow and mass transfer characteristics and aid in design of the bioreactor. Study of co-cultured cells in this device will contribute to the development of tissue-engineered organs.
INTRODUCTION
The objective of this work is to design and fabricate a device for the construction of a bioreactor for co-culture of endothelial and hepatic parenchymal cells mimicking the in vivo characteristics of a single capillary and adjacent tissue. In this study, the bioreactor was modeled after the smallest tknctional unit of the liver, a single capillary and the adjacent hepatocytes, i.e. a 'capillary-parenchymal element' (CPE). Studies have shown that co-culture promotes the functional viability of hepatocytes, a cell type that is prone to death in culture [I] . By design, the device incorporates a biocompatible porous membrane of self-assembling oligopeptides. In solution, these newly-identified peptides form P-sheet twisted tapes that bundle into filaments and a 3D network when exposed to suficient concentrations of salt [2] . This hydrogel can form under pbysiologic conditions and does not elicit immune response or induce tissue inflammation when implanted [3, 4] . Analytic and numerical modeling techniques were employed in the device design and microfabrication technologies in its construction [51.
MATERIALS AND METHODS

A. Analytic and computational shrdies
The device concept was to form a peptide gel membrane between two cell-sized channels by first flowing peptide solution between the two channels, then flowing saline in the two side channels to cause the peptide solution to gel. Channel dimensions were chosen based on the material properties of the peptide gel [6] and on typical dimensions of hepatocytes and capillaries. When forming the peptide membrane in the CPE, the composition of the fluids and the flow rates (produced by syringe pumps, see Fig. 1 ) of peptide and saline solutions are closely regulated. Due to the different viscosities of the two fluids the flow field is not intuitive. To optimize the controllable parameters in our gel-forming experiments, we employed analytic and numerical techniques for analysis of the flow patterns and mass-transfer. For typical flow rates, the Reynolds number in the device is well in the viscous-dominated regime (Re = 0.04). Peclet numbers for the saline and peptide solution indicate strong convection dominance for both the peptide = 76,800) and saline (Pesal,oc = 93), at least prior to significant gel formation. Solutions for the velocity field in the device were obtained using the finite element modeling software ADINA (ADINA R&D, Watertown, MA). These solutions helped to determine optimal flow rates and fluid viscosity ratios to yield the desired peptide solution stream width and produce equal pressure drops in the outlet channels, as required for stable gel formation. Finite-element methods were also used to simulate the mass transfer between the salt and the peptide solutions to predict the initial peptide gelling pattern. The finite element model contained 110,400 linear tetrahedral elements with 22,221 nodes. To reduce computing time the geometry was quartered along the two planes of symmetry. Finer meshing was used near the interfaces between the two fluids to accurately capture these regions. Element groups and material types were defined for saline and the peptide to represent the density, viscosity, diffisivity and concentration characteristics of the materials.
B. Experimental
Channels 24pm deep were etched into a silicon wafer substrate using a mesa-anisotropic chemical etch process. Three channels of cross-section 24 x 24pm converge into a single 72 x 24 x 2OOqm channel, which diverges back into three channels (see Fig. 1 inset) . A glass wafer drilled with holes for fluid inlets and outlets is anodically bonded to the silicon. Metal fluidic interface fittings are epoxied to the glass, and tubing is attached to deliver material through the holes in the glass to the channels. The fluids are driven through the device by two Harvard Apparatus PHD 2000 syringe pumps. Flow and gel formation are observed through a reflective optical microscope equipped with a CCD for recording video. Congo Red (for staining the P-sheets in the peptide gel), 0 to 16 wt. % 72 kDa Dextran (added to adjust the saline viscosity)] is added to the side channel flow. As the saline comes into contact with the peptide solution, the peptide solution begins to form a gel at the fluid interfaces. At this point, all the flow streams are stopped simultaneously by opening the inlet and outlet flow paths to atmospheric pressure. Saline diffuses into the peptide solution, and the rest of the peptide solution forms a gel between the two saline-filled channels. To further characterize the oligopeptide gel, a chemical or pressure gradient can be imposed across the membrane to investigate its conductivity and mechanical properties.
RESULTS
A. Analyric and computational studies
The Navier-Stokes equations for fully developed flow were solved using the Finite Fourier Transform (FFT) method [7] . We used this analytic solution as a first estimate of the saline-to-peptide flow rate and viscosity ratios that result in the desired fluid stream widths, then used these values as a starting point for the fully 3D numerical model.
The top plot in Fig. 2 shows the normalized velocity vector field in the device at various slices. Flow is parallel to the channel axes with no recirculation or vortexing in the corners. The bottom plot shows the normalized concenlralion of the salt flowing in from the left and diffusing into the device. It will be necessary to stop the flows to allow diffusion of salt into the center of the peptide solution at the beginning of the saline-peptide interface.
B. Experimentolfindings
A top view of the device is shown in Fig. 3 . The side channels are filled with saline solution, hence the yellow color from the fluorescein. The broad dark lines outlining the channels appear due to curvalure in the corners of the silicon channel etch. The thin, less-regular lines are areas where the peptide has formed a thin gel. When the streams are stopped, we expect this thin, porous gel to constrain the peptide solution to the center of the device while saline dif- 
IV. CONCLUDING REMARKS
A novel device is designed and fabricated for assembling a bioreactor to culture a CPE. Once membrane formation is achieved and refined, the device can be utilized to measure the conductivity and mechanical properties of the gel. To culture cells in the device, the surface chemistry of the etched silicon channels will need to be modified. Similar methods can be adapted to tissues other than the liver, or scaled-up to grow multi-capillary tissue in vitro.
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